This paper describes the design and anallysis of a 5.0-kV, 500-mA, regulated current pulser configured to drive an Hitachi model 2M130 2,425-MHz magnetron used to modulate the plasma in a particle accelerator injector. In this application, precise and stable rf power is crucial to extract a stable and accurate particle beam. A 10-kV high-voltage triode vacuum tube with active feedback is used to control the magnetron current and output rf power. The pulse width may be varied from as little as five microseconds to continuous duty by varying the width of a supplied gate pulse. The output current level can be programmed between 10 and 500 mA. Current regulation and accuracy are better than 1%. Design of the pulser including circuit simulations, power calculations, and high-voltage issues are discussed.
INTRODUCTION
The Accelerator Production of Tritium (APT) project at Los Alamos is developing a LowEnergy Demonstration Accelerator (LEDA) which uses a magnetron rf source in its injector. The amplitude of the injector output current is dependent on the magnetron rf-power level which depends directly on the magnetron anode current. To generate stable and precise injector current, the injector rf source amplitude must be precisely controlled by its current. Thus the stability and accuracy of the magnetron current directly affects the accuracy of the injector current. This paper describes a design for a pulsed and cw imagnetron current regulator to be used in LEDA. Some of the important specifications of the pcllseir are listed in the following 
II. PULSER DESIGN AND ANALYSIS
A simplified block diag,ram of the pulser is shown in figure 1 . The modulator, consisting of an E M A C 3CPX1500A7 triode, its control circuitry, and power supplies are connected to the cathode side of the Hitachi magnetron. Control sign, (1 1 s are fed to the modulator via fiber-optic cables. The GATE signal is used to turn the triode on and off. The LEVEL signal, ranging from 0-10 Vdc, sets the output current from 10 to 500 mA,. A feedback signal is provided for monitoring purposes. This type of modulator is capable of both pulsed operation at low duty factors and continuous operation at 100% duty factor. The modulator pulse width is solely controlled by the width of the gate signal. The V-I response of a magnetron resembles that of a zener diode. A graph of the actual response is shown in figure 2 . For simulation purposes, the magnetron was modeled as a string of zener diodes with selected series resistance values and breakdown voltages to yield a response similar to that of figure 2.
In the model, the input signal is voltage-source V7 with amplitude ranging from 0 to 10 V and the ability to vary the pulse width and duty factor. In hardware, there will be two fiber-optic signals coming into the modulator-a pulse or gate signal, and an amplitude signal. For simulation purposes, it is easier to incorporate these two attributes into one pulse signal. The first OP AMP is used as a variable gain stage, if needed, and to invert the polarity of the input signal. Its output is fed to the power OP AMP X25 shown in the figure. This amplifier, an APEX model PA08 , drives the grid off the triode. To linearize the transfer function of the triode, which is intrinsically non-linear with an exponential 3/2 transfer function, a cathode resistor of 20 R is inserted in the cathode circuit and used as a voltage (current) feedback point for the power OP AMP. The output of the PA08 is allowed to swing positive to turn on the triode, and negative to turn it off. By using a high-mu triode like the 3CPX1500A7, the required grid voltage for complete cut-off is less than -40 Vdc with respect to the cathode.
A regulator schematic used in SPICE simulations is shown below in figure 3 . The anode side of the magnetron (modeled as a zener string) is connected to ground, and the cathode is connected via cabling to the anode of the triode. The triode, in this configuration, is used as a linear regulator capable of both pulsed and continuous duty operation.
As shown in figure 3 , this design requires the use of a deck" on which the op AMP drivers and other control circuitry are allowed to float at the potential of the negative high-voltage power supply.
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I I - The expected waveforms for a typical 500 mA pulse are shown Fig. 4 . The top waveform is the input-signal pulse at 10 Vpeak and the bottom waveform is the magnetron current shown at 200 mA/div. The risetime of the current pulse is about 695 ns, and can be controlled by adjusting the values of R6 and C : ! in Fig. 3 . These two elements set the overall-system bandwidth and must be set lower than any other bandwidth limiters such as the grid-to-cathode capacitance in the triode circuit. dissipation is expected to examined when the hardware is built and tube performance can be monitored. This triode specifies a heater voltage of 5.5 Vrms, but by using 5.0 Vrms, one will decrease the maximum pulse current (not applicable in our situation) to 24 A, but will increase the overall lifetime of the triode. Second, the required airflow for the tube at our elevation (7000 feet) is about 10 CFM assuming 500 W of plate dissipation. This also assumes slightly more than 500 V drop across the tube during DC operation. Initially, the tube will be used at low duty factor operation and the system high-voltage power supply will be set for about a 500 V drop across the tube under full pulse-current conditions. Later, this voltage drop will be empirically tested to determine if it can be reduced to say, 250 or 300 V during operation. The actual setting of the tube voltage drop will be done by setting the voltage of the high-voltage power supply. The design specifies that the initial high-voltage be set for -4500 VDC which will yield about 500-600 V drop across the tube during pulse or DC operation. The issue of tube voltage drop will be re--be less than 400 W at 100% duty factor. Thus, it is quite conservatively rated, but does need proper air flow.
CONCLUSIONS
The circuit described in figure 3 has been assembled as of this writing. The author wishes to thank D. Warren for his work in assembling the magnetron pulser, and T. Zaugg for his technical input.
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